The 2012-2013 flank eruption of Tolbachik volcano (Kamchatka) lasted 9 months and produced 0.54 km 3 of basaltic trachyandesite lava, thus becoming one of the most voluminous historical lava effusions of basic composition in subductionrelated environments globally. From March to July 2013, the volcano monotonously erupted lava of constant composition (SiO 2 = 52 wt%) with a nearly stable effusion rate of 18 m 3 /s. Despite the uniform eruptive and emplacement conditions, the dominant style of lava propagation throughout that time gradually changed from 'a'a to pahoehoe. We report results of instrumental field measurements of the 'a'a and pahoehoe flow dynamics (documented with time-lapse cameras) as well as the lava viscosity determined by flow rate and shear stress (using penetrometer) methods. Maximal propagation velocities of the 'a'a fronts ranged from 2 to 25 mm/s, and those of the pahoehoe from 0.5 to 6 mm/s. The flow front velocities of both lava types experienced short-period fluctuations that were caused by complex flow mechanics of the advancing flow lobes. Minimal viscosities of lava of the 'a'a lobes ranged from 1.3 × 10 5 to 3.3 × 10 7 Pa s (flow rate method), and those of the pahoehoe from to 5 × 10 3 to 5 × 10 4 Pa s (shear stress method). Our data include the first ever measured profiles of viscosity through the entire thickness of actively advancing pahoehoe lava lobes. We have found that both the 'a'a and pahoehoe flows were fed by identical parental lava, which then developed contrasting rheological properties, owing to differences in the process of lava transport over the ground surface. The observed transition from the dominant 'a'a to the dominant pahoehoe propagation styles occurred due to gradual elongation and branching of the lava tube system throughout the course of the eruption. Such evolution became possible because the growing lava field, composed of semisolidified flows, provided an environment for shallow subsurface intrusions and internal migrations of lava that, with time, developed into branches of the lava tube system. Based on our data, we propose phenomenological models of the 'a'a and pahoehoe flow mechanics.
Introduction
Viscosity (a measure of a fluid's resistance to flow) is one of the key characteristics that determine the dynamics of lava flows (e.g., Gauthier 1973; Walker et al. 1973; Papale 1999; Griffiths 2000; Sparks 2004; Dingwell 2006) . There are two different styles of propagation of a lava flow front (Macdonald 1953; Self et al. 1998; Harris et al. 2017) . 'A'a and block lava flows propagate as thick massive lobes that resemble a conveyor belt (e.g., Krauskopf 1948; Macdonald 1953; Lipman and Banks 1987; Francis 1993; Harris and Rowland 2001) . The molten inner part of such flows is enveloped and thermally insulated by a layer of fragmented (autobrecciated) solidified lava. This flow style is characteristic for viscous lavas of evolved compositions, but in some cases (when shear rate of lava is high enough, e.g., rapid flows on steep slopes), it is also common for fluid lavas of basic compositions (e.g., Rowland and Walker 1990) . Lava flows of the pahoehoe type propagate by a completely different style: numerous small short-lived lava lobes slowly ooze from multiple locations chaotically scattered along a relatively thin and broad flow front (e.g., Editorial responsibility: J. Taddeucci
Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00445-017-1180-2) contains supplementary material, which is available to authorized users. Hon et al. 1994 , Self et al. 1998 Gregg and Keszthelyi 2004) . Due to surface cooling and degassing, each pahoehoe lobe quickly develops a thin outer layer (viscoelastic skin) with a higher viscosity than the internal lava. Initially, the skin is flexible and, while the lobe propagates, undergoes various deformations: stretches, folds, etc. The skin gradually solidifies with time and forms brittle crust that preserves the deformation-induced intricate surface morphologies (e.g., ropy, entrail-like, etc.). Beneath the solidified crust that has low thermal conductivity (e.g., Wilson and Head 2007) , lava remains fluid and hydraulically connected with the lava source for an extended time causing slow inflation of the encrusted pahoehoe lobes that lasts for hours-days after their initial emplacement (e.g., Hon et al. 1994; Anderson et al. 1999; Hoblitt et al. 2012) . Pahoehoe flows are formed only by fluid lavas of basic compositions.
Cases have been observed where one style of lava propagation turns into another (commonly pahoehoe to 'a'a) during the course of one eruption (e.g., Rowland and Walker 1990) . When no substantial changes of the lava viscosity were detected, the observed transitions were thought to involve a critical relation between viscosity and shear strain (e.g., Peterson and Tilling 1980) . Kilburn (1993) suggested that interactions between the fluid core and the solidified crust determined a flow's morphological and dynamical evolution distinguishing core-dominated ('a'a) and crustal-dominated (pahoehoe) lava flows. Transitions between these two types depend on lava discharge rate, underlying slope, and either the velocity of the flow front or the flow thickness (e.g., Soule et al. 2004) .
One of the main field methods to estimate the viscosity of lava is based on the mean velocity of lava flowing in a channel of known depth (Nichols 1939; Walker 1967 ) using Jeffreys' equations (Jeffreys 1925) . This method (here termed the Bflow rate method^) has been applied either to lava flowing in open channels or to frontal regions of flow lobes and has been used at many effusive eruptions worldwide ( Fig. 1 and references therein, as well as Online Resource Table ESM 1) . However, this simple method provides only approximate estimations of overall, or apparent, viscosity of lava flows (Lev and James 2014) . More challenging are direct instrumental measurements of lava viscosity using various, commonly custombuilt viscometers. This method (here termed the Bshear stress method^) allows the measurement of viscosity at discrete points of a lava flow. There are publications reporting such measurements for lava flows on Surtsey (Einarsson 1966) , Kilauea (Shaw et al. 1968; , Etna (Gauthier 1973; Pinkerton and Sparks 1978; Pinkerton and Norton 1995) , and Klyuchevskoy (Panov et al. 1988) (Fig. 1 and Online Resource Table ESM 1). The studies show that values of viscosity, even at one lava flow, can span many orders of magnitude, where viscosity strongly changes between the external and internal parts of a flow, as well as with its travel time and distance from the eruption source (Shaw et al. 1968; Fink and Zimbelman 1986; Moore 1987; Naranjo et al. 1992; Soldati et al. 2016) .
Obvious difficulties accompanying direct measurements of lava viscosity can be avoided if silicate melts are studied in laboratory conditions (Dingwell 2006 and references therein) . These data show that the viscosity of magmatic melts strongly depends on their composition (mostly silica content)as well as transient parameters such as temperature and content of volatiles and crystals (e.g., Rowland and Walker 1988; Kilburn 2000) . The laboratory data, however, have limited application to natural systems because in real magma/lava the melt phase contains admixture of solid particles (crystals, fragments of solidified autobrecciated lava, various xenoliths) and gas bubbles will nonlinearly change its overall rheology (Manga and Loewenberg 2001; Giordano et al. 2008; Petford 2009 Tables 1 and 2 and Online  Resource Table ESM 1 et al. 2011). Numerical modeling of rheological properties of such multiphase fluid systems is promising but needs verification with field ground truth data, the lack of which currently presents a significant problem (e.g., Proussevitch and Sahagian 1998; Saar et al. 2001) . Styles and dynamics of lava propagation are also controlled by the lava discharge rate and various external factors, the most significant of which is local slope (e.g., Soldati et al. 2016 and references therein). Eruptions, that simultaneously produce 'a'a and pahoehoe flows of identical composition, provide a unique opportunity to understand the role of noncomposition-related factors on lava propagation dynamics. The 2012-2013 eruption of Tolbachik was one such opportunity.
Plosky Tolbachik (3065 m asl) is one of the most active volcanoes in Kamchatka (https://volcano.si.edu/volcano.cfm? vn=300240) with frequent summit and three flank eruptions in the twentieth and twenty-first centuries, which took place in 1941 , 1975 -1976 -2013 (Piip 1946 Fedotov and Markhinin 1983; ). Tolbachik's last eruption occurred in 2012-2013 and was one of the most voluminous historical lava effusions of basic composition in subduction-related environments globally, where lava flows of both 'a'a and pahoehoe types with volume 0.54 km 3 covered an area of 36 km 2 (Dvigalo et al. 2014, in preparation) . In this paper, we report the results of field instrumental measurements of the lava flow dynamics (using time-lapse photography) and viscosity (using flow rate and shear stress methods). The data include first ever measured profiles of viscosity. This was obtained using a custom-built penetrometer through the entire thickness of actively advancing and inflating pahoehoe lava lobes. Based on these new data, we propose phenomenological flow models for 'a'a and pahoehoe flow mechanics.
The 2012-2013 eruption of Tolbachik

General description of the eruption chronology
The 2012-2013 eruption of Hawaiian-Strombolian type began on November 27, 2012, on the southern flank of stratovolcano Plosky Tolbachik along a 6-km-long radial fissure that extended between 1460 and 2358 m asl (Dvigalo et al. 2014, in preparation; . During the initial stage of the eruption, lava fountaining and intense effusive activity occurred from multiple locations along the entire length of the eruptive fissure. Until November 29, the time averaged discharge of lava was 440 m 3 /s and it declined to 140 m 3 /s by the beginning of December (the calculations based on the lava field volumes measured with aerial photogrammetric surveys). This activity formed the Vodopadnoye lava flow field (length 8.5 km, area 6.17 km 2 , volume 0.043 km 3 ) and a major part of the Leningradskoye lava flow field (length 17.8 km, area 22.44 km 2 , volume 0.397 km 3 ) (Fig. 2a) . Both lava fields were composed mostly of 'a'a flows. After December 8, the eruption concentrated in the lower part of the fissure at 1740 m asl elevation where the Naboko scoria cone began to grow. During 2013, this cone, with its two intracrater lava ponds, became the source of an 8-month-long effusion of lava that was initially fed by an open channel, and later became tube-fed at a nearly steady time averaged discharge rate of approximately 18 m 3 /s (the calculation based on the lava flow field volumes measured with aerial photogrammetric surveys on December 13, 2012; March 6, 2013; and June 5, 2013, by Dvigalo et al. 2014, in preparation) . This long-term effusion completed the formation of the Leningradskoye field and later built the Toludskoye field. This third lava field (length 4.3 km, area 8.4 km 2 , volume 0.1 km 3 ) was composed of 'a'a, which accounted approximately 30% of the lava flow field area, plus pahoehoe flows and various transitional lava types which accounted for the remaining 70% of the lava flow field area. In August, the discharge rate decreased to 2.4 m 3 /s, and on August 23, 2013, the effusive activity ceased and lava drained from the lava tube system as well as from the intracrater lava ponds. During the final stage of the eruption, weak Strombolian activity within the Naboko cone crater continued until September 5, 2013, when the eruption ceased completely . The eruption products were trachyandesite. During the first days of the eruption, the SiO 2 content was 54 wt% SiO 2 , which then decreased to 52 wt% and remained constant until cessation of the eruption .
Observations of the Toludskoye lava flow field
Our measurements were completed during the formation of the Toludskoye lava flow field (Fig. 2b) as part of three field campaigns in March-April, May, and July 2013. During that period, the SiO 2 content of the lava and the time-averaged discharge rate remained constant, correspondingly 52 wt% and 18 m 3 /s (Dvigalo et al. 2014; Volynets et al. 2015) . The eruption was characterized by frequent Hawaiian/ Strombolian-type lava fountains occurring from two lava ponds, filling the craters of the developing Naboko scoria cone (Fig. 4a) . From these ponds, lava was transported underground through a system of lava tubes. The system of lava tubes progressively elongated and branched with time. Simultaneously with the lava tube elongation and branching, the gradual transition of the dominant lava emplacement style from 'a'a to pahoehoe occurred.
In March-April, 'a'a flows represented the dominant style of lava propagation and emplacement . During this period, lava tubes were 3-10 m wide and approximately 1 km long. Lava effused from a vent at 1500 m asl and then flowed in open channels that commonly had overhanging banks of solidified lava. The channels were 3-10 m wide and up to several hundred meters long (Fig. 3a) . In the channels, the flow velocity of lava reached 1 m/s. Both the lava level and flow velocity experienced notable temporal fluctuations on the time scales of tens of minutes to hours due to upstream/ downstream blockages of the tubes and channels by lava boats (terminology after Lipman and Banks 1987) . When lava left the stable channels, its flow velocity decreased, and lava formed several braided flows that were covered by a continuous layer of clinker. These flows (informally called Blava rivers^) were up to 100 m wide and were bounded by low (< 1 m high) banks of clinker. The lava rivers fed several lobes of 'a'a flows that were up to 1 km long (Fig. 3b) . Small pahoehoe flows were also emplaced. These pahoehoe flows either originated from short-lived spillovers from lava channels and skylights or were squeezed out through lateral levees of the 'a'a flows (here termed Bsecondary pahoehoe flowsf ollowing Guest et al. 2012) . Both the 'a'a and pahoehoe flows commonly propagated over areas covered by a snow pack that was 0.2-5 m thick. The details of the resultant lava-snow interaction are described in Edwards et al. (2014 Edwards et al. ( , 2015 .
By the end of May, pahoehoe flows became increasingly common (Fig. 3c) . It was only during infrequent ruptures of large tubes that short-lived high-discharge rate flows of lava formed 'a'a lobes (Fig. 4a) . During May, the system of lava tubes grew to more than 3 km in length. Lava effused onto the surface at many locations scattered across the Toludskoye lava flow field covering 'a'a lava flows that had been emplaced during April-May. In May, the pahoehoe flows propagated mostly over the clinker breccia of the previously deposited 'a'a flows (Fig. 3c ). In July, the lava tube system grew to over 4 km long. The style of effusive activity was similar to that in May. Lava flows advanced mostly along a substrate of ancient lavas and scoria fallout deposits with sparse patches of grass and dwarf shrubs (Fig. 3d) .
Detailed investigations of the petrology and geochemistry of the erupted products were conducted by Volynets et al. (2015) , Plechov et al. (2015) , and Portnyagin et al. (2015) . These studies show that the 'a'a and pahoehoe lavas had identical chemical and mineral compositions which did not change throughout the formation of the Toludskoye field. The lavas were subaphyric basaltic trachyandesites (52 wt% SiO 2 ) with very rare phenocrysts of plagioclase, olivine, and clinopyroxene. Lava sampled in fluid state (with temperatures > 1000°C) and then chilled in the air contained transparent brownish light-yellow interstitial glass (sideromelane). Samples that gradually cooled and crystallized in situ inside the flows had opaque devitrified groundmass (tachylite). The interstitial glass contained pahoehoe dynamics and viscosity by the flow rate method (black circles), and viscosity of pahoehoe flows by the shear stress method (white triangles). Numbers correspond to the dates of measurements (day/month) as well as to numbers in Tables 1 and 2 and Figs. 5, 7, 8, and 9 . Topography profiles from the 1:50,000 map before the eruption along the approximate paths of the lava flows in the right upper corner; vertical scale is exaggerated by a factor of 2 53 wt% of SiO 2 . Initial crystallinity of the lava, as represented by scoria and bombs ejected from the intracrater lava ponds, was 25 vol% (see Fig. 7 and Table 5 of Plechov et al. 2015) . Later on, during transport in lava tubes, open channels, and lava flows, progressive cooling and degassing caused additional increase in crystallinity up to 43 vol%. Initial water content in the erupted magma was 1.19 ± 0.1 wt% (Plechov et al. 2015) . Lava of the studied lobes was already strongly degassed, where the degassing occurred in the intracrater lava ponds and during transportation through the tubes and channels. Gas vesicles in already solidified pahoehoe lobes were up to 5 cm in diameter, and the largest were concentrated in the upper parts of the lobes under the glassy rind. Gas with temperature of 1030°C, sampled from the skylight of the major lava tube (most proximal to the Naboko vent at distance 300 m), had the following composition (mol%): 95.5 H 2 O, 0.47 CO 2 , 2.01 SO 2 , 1.18 HCl, and 0.34 HF (Chaplygin et al. 2016) . Maximum temperatures of the molten interior of moving lava flows (both 'a'a and pahoehoe), measured with a K-type thermocouple at depths of several centimeters, were 1082°C; maximum temperatures on the lava surfaces measured by FLIR ThermaCam SC6400 were 1069°C .
Methodology
Measurements of dynamics of lava flows
The method of time-lapse photography was applied to propagating flow lobes (both 'a'a and pahoehoe) and to lava flowing in stable channels exiting lava tubes. The process of propagation was recorded with Brinno TLC100 time-lapse cameras with a resolution of 1280 × 1024 pixels and a field of view of 49.5°. The cameras were installed on tripods at distances several meters to hundreds of meters from frontal parts of the propagating lava flows and lava channels, with the line of sight perpendicular to the flow direction. The cameras operated for time periods lasting from several hours to days with frame intervals ranging from 5 s to 1 min, depending on the lava velocity. A meterstick or a person of known height was temporary placed in front of the lava flows or near the lava channel allow scaling of the images.
Time-lapse video clips (with rates of 10 frames/s) were processed with the Logger Pro software. Using this software, positions of flow fronts, lava levels/thicknesses, and positions of prominent rock fragments on the upper surface of the flows were manually traced in the image sequences, and their displacement and velocity was June. From lava ponds in the craters of the Naboko scoria cone (two oval bright spots in the left lower corner of the mosaic), lava is transported underground through a system of tubes marked by the skylights (only the largest are indicated), and then is emplaced on the ground surface as pahoehoe flows (indicated by the several irregular bright spots in the right part of the mosaic) that propagate over previously deposited 'a'a and pahoehoe flows (light purple area in the right part of the mosaic). A short-lived active 'a'a flow (long bright meandering band in the mid-upper part of the mosaic) has just formed due to rupture of the lava tube system. The large scoria cones visible around the lava field are prehistoric. b Image of a lava river exiting the tube outlet and flowing in open channel on March 19 (photo of the same flow is shown on Fig. 3a) . Maximum temperature of lava in the tube outlet was 1055°C. c Image of an actively growing pahoehoe lobe (with rear growth mode) on March 25. d Temperature profile along line A-A′ of image b. Temperature steadily decreases over the first meters from the tube outlet (left part of the plot) where an upper viscous layer of the 'a'a flow starts to form. Farther down flow (right part of the plot), the temperature profile has spikes which correspond to hot and fluid lava of lower layer exposed in ruptures of the upper layer. These ruptures indicate the initiation of lava autobrecciation. e Temperature profile along the line B-B′ of image c. The temperature of approximately 500°C in the right part of the plot corresponds to the surface of a stagnated parental lobe. Max surface temperature of 1035°C corresponds to the spreading structure where the new skin of the growing lobe forms. With distance from the spreading structure, temperature steadily decreases while the lobe skin is getting older (temperature spikes correspond to grooves on the lobe surface). The left part of the plot, with T = 500°C corresponds to the fragment of the old crust separated from the parental lobe attached to the new skin of the growing lobe. The temperature cutoff at 200°C corresponds to snow surface which is bulldozed by the growing lobe. Scales and distances of the profiles are approximate. Arrows indicate the flow directions calculated. Using data of flow front velocities, flow surface velocities at different distances from the flow front, as well as temporal variations of the flow thicknesses and heights of lateral levees, were thus derived. For the lava channels, records of flow level and velocity fluctuations were also obtained.
Several additional time-lapse cameras were installed on high points surrounding the growing Toludskoye lava flow field to obtain an overall panoramic view. These cameras, working during time periods of up to 2 months with frame intervals of up to 30 min, documented the general longterm evolution of the lava flow field morphology.
Measurements of viscosity of lava flows
Flow rate method
The flow rate method was applied mostly to 'a'a lava lobes as well as to two small pahoehoe lobes. The flow thickness and flow velocity data (measured with the Logger Pro software on the time-lapse video clips) were used to calculate apparent viscosities of the lava flows using Jeffreys' equations:
where η is the viscosity of lava (Pa s), ρ is the bulk density (kg/ m 3 ), g is the gravitational acceleration (9.8 m/s 2 ), h is the thickness of the lava flow (m), α is the surface slope (degrees), and V is the velocity of lava flow (m/s). Equation (1) was used with data for the flow front velocity, and the Eq. (2) was used for velocities of the surface behind the flow front (Nichols 1939; Gauthier 1973; Panov et al. 1988) .
For the 'a'a lobes, flow thicknesses and velocities were measured synchronously and in the same area of the flow (because both values changed with time). The measured thicknesses included the upper and basal breccias of the flows; hence, the obtained values of lava viscosity are probably slightly overestimated. The slope angles were measured in the field with an inclinometer. The average lava density was taken as 2500 kg/m 3 , a value adopted from Andreev et al. (1978) who completed multiple density measurements of compositionally and texturally similar lavas of the Southern Breakthrough of the 1975-1976 eruption of Tolbachik.
Shear stress method (penetration method)
The shear stress method was applied to pahoehoe flows. Viscosity was measured by a custom-built penetrometer. A steel rod (a round bar with a half-spherical penetration head) was manually pushed into the active pahoehoe lobes with constant force ( Fig. 3e ; Online Resource Video ESM 2). In cases where the probed lobe was covered by a rigid crust, the rod was pushed into the lava through a small hole opened in the crust with a hammer. The force of penetration was controlled manually with a handheld spring balance. The force applied to the rod varied from 4 to 10 kg depending on the lava viscosity in each particular case, with 10 kg being the most commonly applied force (here recalculated from Newton units, N). The force was experimentally selected to obtain a total penetration time of a few seconds through a 10-25-cmthick pahoehoe lobe. Three rods with differing dimensions and weights were used during different measurement campaigns (the rod parameters are listed in Table 2 ). The penetrating part of the rod had clearly visible length marks separated by 100 mm intervals. The process of penetration was filmed by conventional HDV video camera with the line of sight perpendicular to the direction of penetration, where the goal was to document the velocity of penetration apparent using the length marks on the rod. Each measurement continued until penetration into the lava lobe ceased. In most cases, the rod was pushed into the lava lobe perpendicular to its outer surface. In several cases, the rod was pushed horizontally under the lava crust to measure viscosity not influenced by lava depth. Each studied lava lobe and/or nearby lobe was repeatedly penetrated in order to check reproducibility of the measurements.
The video clips of the penetration process were processed with the Logger Pro software. The distances between the length marks on the penetrator rod provided a scale for the images. Positions of the marks on the rod were manually traced in each frame and their displacements and penetration velocities were calculated by the software. Viscosity was then calculated based on the Stoke's law. We used the equation for a half of a sphere (that is the half-spherical penetrating tip of the penetrator rod) as suggested by Panov et al. (1988) :
where η is the viscosity of lava flow (Pa s), F is the force of penetration (N), V is the velocity of penetration (m/s), and R is the radius of penetration head (m). In Eq. (3), the total force of penetration was calculated as the external force applied to the rod (determined using the spring balance) plus the weight of the rod for cases where the direction of penetration was vertical. For cases of nonvertical penetration, the contribution of the rod weight to the total force of penetration was corrected using the angle of penetration through application of superposition principles. Changes in the penetration velocity with depth provided data that allowed us to calculate changes in viscosity throughout the entire lava lobe thickness (commonly to depths 10-25 cm).
Lava flow dynamics
Dynamics of 'a'a flows
The dynamics of seven active 'a'a flows were studied with time-lapse cameras in the period from March to April 2013 (Table 1) . The 'a'a lobes propagated over rather smooth slopes having inclinations of up to 12° (Fig. 2b) . Individual flow lobes were 1-6 m thick, 10-50 m wide, and up to 1 km long ( Fig. 3b, d ; Online Resource Video ESM 3). The lobes were enveloped in loose clinker (lava autobreccia). Clinker fragments were commonly 5-20 cm and up to 50 cm across; some boulders composed of agglutinated clinker were up to 2 m in diameter. The upper surface of each active 'a'a flow lobe comprised a continuous, rather flat blanket of clinker (although commonly with a bulging-upward axial area and notable undulations down flow) slowly moving between steep lateral levees composed of the same stagnated material. Lateral levees bounding the active flow body had approximately the same heights as the moving flow surface between them. On the flow surface, clinker was relatively cold (T < 500°C) and friable, while at depth, it was incandescent (T = 600-900°C as measured by FLIR). Internal parts of the 'a'a flow lobes were exposed in the flow snouts. Here, incandescent, highly viscous, cohesive lava breccia continuously extruded forward, forming blocks protruding from the frontal scree of clinker. These blocks commonly formed vertical cliffs indicative of the high yield strength. This material had limited ability for plastic deformation and under gravity tended to crumble into pieces. The flow snouts were composed of a moving scree of loose autobrecciated lava. Fluid lava was seldom exposed at the outer surfaces of the 'a'a flow lobes. In a few observed cases, it was squeezed through the scree of flow snouts or lateral levees to form short secondary pahoehoe flows (Fig. 3d) .
The 'a'a flow lobes propagated in the classic style commonly called Bcaterpillar-track^motion (Rowland and Walker 1987) , where maximum velocities of the frontal snouts were in the range 2-25 mm/s. Maximum velocities on upper surfaces of the flow bodies (measured simultaneously at distances tens to hundreds of meters behind the flows snouts) were commonly 1.5-3 times higher (Fig. 5, Table 1 ). The flow snouts propagated more slowly because a notable part of the advancing material within the frontal parts of the flows (mostly represented by lava breccia) was continuously dispatched to construction of both the flow's lateral levees and basal breccia. Because of the surface-snout velocity difference, clinker covering the surface was continuously carried by the flow toward its snout, where it periodically avalanched down the flow front.
The motion of each 'a'a flow was very unsteady. Both the snout and surface velocities experienced significant accelerations (surges), during which velocities increased by a factor of 2 or 3, alternating with decelerations on time scales of the order of tens of minutes, even when the lava flows moved along smooth, obstacle-free surfaces (Fig. 5) . These velocity fluctuations were observed in both actively advancing lobes and lobes in the final stages of propagation.
Video observations of the upper 'a'a flow surfaces (of the Bflow body^located tens-hundreds of meters behind the flow snouts) revealed that there was no detectable velocity gradient across the flow (i.e., between the axial part of the flow surface and areas immediately adjacent to the lateral levees). Instead, the flow surface moved as a coherent plug. Simultaneous measurements of flow surface velocities at several points, scattered along the flow at distances of tens to hundreds of meters apart, revealed the complex nature of the plug motion. The flow surface consisted of segments (each tens of meters long) that experienced nonsynchronized periodic accelerations and decelerations. These accelerations and decelerations were generally not synchronized with accelerations and decelerations of the flow snout (Fig. 5 ). Only when a plug segment approached the frontal part of the flow, its average velocity begins to decrease to approach the velocity value of the flow snout. In this way, short-term accelerations and decelerations of a segment would gradually become synchronized with accelerations and decelerations of the flow snout. Differences in velocities of neighboring segments led to mechanical interactions between them as was evident from the changes of the local flow thickness: where a segment experienced compression, its thickness slightly increased and vice versa.
Marginal levees formed in the frontal area of an advancing flow lobe by two simultaneous processes: one operating at the lateral margins of the frontal area and another at the foot of the flow snout. When material of the flow approached its frontal area (approximately 10 to 20 m behind the flow snout where lateral levees were not yet formed and thus did not buttress against the moving part of the flow), its lateral parts started to gradually spread sideways under the force of gravity, where they thinned and decelerated (Online Resource Video ESM 3). At some threshold, their material, composed mostly of loose or weakly cohesive lava autobreccia, stagnated, progressively adding to the previously formed lateral levees of the body of the flow. Simultaneously, the axial part of the flow reached the steep slope of the flow snout. Here, cohesive lava breccia composing the flow continuously extruded forward, crumbled into pieces, and avalanched down to collect at the snout base. While part of the avalanched material was covered by the advancing flow to form a basal breccia, other parts were bulldozed in front of the flow snout. In the process of bulldozing, while some of the clasts of the breccia were rolled along, others agglutinated together to form accretionary balls 0.5-2 m across. Bulldozed debris, containing accretionary balls, from time to time was pushed aside by the advancing flow to form the lateral levees. The newly formed levees were notably lower than the upper surface of the flow body. Later, the levees periodically grew in height and width, being built up by spillovers of clinker from the surface of passing flow body, as well by being moved aside, that is pushed or bulldozed outward to make the flow lobe broader. Both clinker spillovers and episodes of levee outward migration occurred during surges in the flow surface velocity, when the thickness of the flow body increased. As a result of these construction episodes at considerable distances from the flow front, the levee heights became almost equal to the thickness of the flow moving between the levees.
Dynamics of pahoehoe flows
The dynamics of 25 active pahoehoe flow lobes were studied with time-lapse cameras during three periods in March-April, May, and July 2013 (Table 1 , Online Resource Video ESM 5). The pahoehoe flows advanced as multiple small (of the order of 0.3-2 m, some up to 5 m long) bulbous lobes that extruded from numerous isolated points scattered along a flow front several tens to hundreds meters wide (Figs. 3c-e and 6). Maximum propagation velocity of individual flow lobes was from 0.5 to 6 mm/s ( Fig. 7a, b ; Table 1 ). Individual lobes were not always extruded in the same direction. In many cases, the next lobe extruded perpendicular to, or even backward in relation to the extrusion direction of the parental lobe. As a result, the average propagation velocity of the entire pahoehoe front was slower than the velocity of individual lobes being around 1-2 mm/s (Fig. 7c) .
Plots of growth rates (velocities of front motion through time) of individual lobes of simple morphology had a characteristic shape (Fig. 7a, b) . Commonly, the maximum rate of lobe growth occurred in the initial phase or quickly accelerated to a maximal value during the first several minutes, and then exponentially slowed down. While the velocity of a D, distance from the source (the Naboko scoria cone); V, flow velocity; α, angle of slope; H, flow thickness; η, calculated apparent viscosity (see the section BMethodology^for the calculation details); Comments, visual characteristics of the flow lobe's front motion decreased, the thickness of both the parental and the growing lobe started to increase progressively, indicating pressurization of the lobe interior, and the lobes inflated to obtain more equidimensional shapes. Deceleration of the lobe growth was accompanied by a decrease of its surface temperature that made the lobe skin more viscous. At some point, the lobe skin became too viscous to stretch (to accommodate inflation of the lobe under the continuing input of liquid lava), ruptured, and the next lobe started to grow, either from the opening fissure on the upper surface of the lobe crust or from the lobe base. The average lifetime of one lobe was of the order of 10 to 30 min. In most cases where the crust of the pahoehoe lobes ruptured, rather viscous lava slowly extruded from the opening fissure. Such lava quickly obtained a sturdy skin, so that the new lobe slowly inflated like a pressurized balloon of bulbous shape (Fig. 6) . In some cases, less viscous lava broke out. Such lava initially had a thin, easily stretchable and flexible skin and formed small lava streams that commonly had a ropy surface. Low viscosity lava filling the interior of the parental lobe quickly drained out and left behind an empty shell of the solidified lobe crust. Such fluid lava streams were short-lived because the breakout areas were quickly self-sealed.
The shapes of individual lobes were different depending on their extrusion rates and the related skin viscosity. Slowly extruding equidimensional (sometimes nearly spherical) lobes with very viscous, almost solid skin were most common. Less common were rapidly growing lobes with a thin flexible skin. Their shape depended on substrate inclination; on lowgradient substrate, such lobes were flattened, but on steep slopes, they were elongated due to gravity. Lobes deposited in March-April had relatively rough surfaces in comparison with lobes deposited in May and June. That occurred because in March-April the pahoehoe lava was emplaced much closer to the source (the Naboko scoria cone) and was more vesicular. These vesicles, being stretched by the extrusion process, turned into linear groves and elongated cavities, similar to that of spiny pahoehoe of Peterson and Tilling (1980) . The skin of most flow lobes was too viscous to form ropy surfaces. Ropy surfaces were characteristic for relatively rapid streams of fluid lava that from time to time broke through the front and upper surfaces of the growing lava flow field. If discharge of such breakout was sufficiently high, then it formed types of lava transitional from pahoehoe to 'a'a, including slabby pahoehoe.
Formation of pahoehoe lobes occurred by two modes, here termed Brear growth mode^and Bfrontal growth mode.^In the first mode, formation and stretching of the new lava surface due to continuing inflation was concentrated along narrow spreading structures located at the rear of the lobe (Figs. 4c and 6a, b; Online Resources Video ESM 4 and Video ESM 5). In the second mode, formation of the new lava surface occurred on the basal surface of the lobe in close proximity to its front ( Fig. 6c ; Online Resources Video ESM 4 and Video ESM 6). Each mode produced lobes with specific surface patterns that were identifiable in the field (see details below).
In the case of the rear growth mode, extrusion of new lava commonly initiated from a fissure that slowly opened on the upper surface of the solidified crust of the previously emplaced lobe. In rare cases, extrusion started from the base of the parental lobe. The opening fissure was curved, and a polygonal segment of the old and thick crust, bounded by the fissure, slowly opened like a trap door. In some cases, it separated from the parental lobe and moved away attached to the stretching skin of the new lobe. During the rear growth mode, the formation of the lobe skin occurred along a narrow spreading structure commonly located along the boundary between the thick rigid crust of the parental lobe (sometimes under its Fig. 6a, b ; Online Resources Video ESM 4 and Video ESM 5). The newly formed skin steadily moved away from the spreading structure and rolled over the lobe front, and the distance between the spreading structure and the lobe front gradually increased. While moving, the skin cooled, degassed, and thus gradually increased its viscosity and thickness with time. Thus, the youngest, hottest, thinnest, and most flexible part of the lobe surface was located near its rear part, and the oldest, coldest, thickest, and almost brittle near its front (Fig.  4c, e) . When the surface of the growing lobe became too viscous to accommodate the inflation-related deformation, it fractured and the next lobe began to extrude from the opening fissure. Lava lobes formed by the rear growth mode rarely grew as symmetrical bodies. Commonly, in the first few minutes after initiation of lobe extrusion, the process of formation and stretching of the new lava skin intensified on one side of the lobe. This side elongated faster than the others and the lobe obtained a curved, cashew-like shape (Online Resource Video ESM 4). The direction of bending depended on various (even subtle) external forces that influenced the lobe growth at the beginning of its extrusion. Lobes that started to extrude on a steep surface of the parental lobe commonly were bent downward by gravity; however, some lobes bent upward. Lobes that started to extrude onto a flat substrate were bent left or right depending on obstacles they collided with during the initial moments of lobe growth (e.g., neighboring lobes, or irregularities in the substrate). Once the direction of bending was set, it had a propensity to persist, even if the growing lobe later met other obstacles. Some growing lobes were able to bulldoze snow or other loose substrates.
The upper surfaces of lobes that were formed by the rear growth mode had peculiar multiple parallel grooves aligned in the direction of the lobe extrusion (Fig. 6b) . Most of the grooves were discontinuous and relatively shallow with depths of < 1 cm and originated from large gas vesicles strongly elongated in the direction of stretching of the lava skin (gas vesicles at the lobe surface are also elongated in the same direction). Longer continuous grooves with depths up to 5 cm were carved on the lobe surfaces by irregularities of the fracture through which lava extruded. Both types of grooves determined the direction of mechanical weakness of the lobe crust, and in many cases, when the next lobe started to extrude, the parental lobe fractured along one of these grooves. Multiple parallel grooves were diagnostic for lobes formed by the rear growth mode. The morphology of lobes formed by the rear growth mode was strikingly similar to the morphology of pillow lavas deposited in subaqueous conditions, although the latter propagate much faster (e.g., Ballard and Moore 2012) . This can explain why the rear growth mode was dominant during winter time when cooling of lava surfaces was faster.
By summer time, the frontal growth mode became increasingly common, especially in locations where lava lobes advanced either over the hot surface of recently deposited lava, or over a substrate with good thermal insulation properties (e.g., dry scoria). However, there were many examples when both modes of lobe growth were observed either simultaneously in the same location (Online Resource Video ESM 4) or, during the process of formation of a lava lobe, one growth mode could switch to another. Lobes displaying the frontal growth mode commonly started to extrude not from fractures in the lava surface, but from under the basal contacts of parental lobes. In the case of frontal growth mode, the formation and stretching of new skin occurred on the basal surface of the lobe. Since we could not observe the base, there is no data on how the stretching structure looked like and where on the base it was located. Probably, this structure was located on the basal surface in close proximity to the lobe front and aligned along it. In the process of lobe growth, the spreading structure steadily moved forward following the direction of flow front propagation. While the newly formed, incandescent, thin, and flexible skin slowly formed along the contact of the lobe front and the substrate, the front would simultaneously inflate and propagate forward ( Fig. 6c ; Online Resources Video ESM 4 and Video ESM 6). The resulting slow backward receding motion of the lobe surface (relative to the position of the lobe front) could be traced by the motion of particles of the substrate attached into the skin (e.g., fragments of old scoria or loose lava chips). Lava surfaces lacking parallel grooves and having embedded particles of substrate were diagnostic of lobes formed by the frontal growth mode (Fig. 6c, d ). On steep substrates, the spreading 2b) . Photo of chain a is shown in Fig. 6d . Each symbol corresponds to an individual flow lobe. c Front velocity of the chain of lobes propagating through snow on April 8 (point 804 on Fig. 2b ). The positions of the lobe fronts and of the lobe chain were manually traced from image to image of the time-lapse footages and show lateral velocities of the fronts calculated by the Logger Pro software (see details in the section BMethodology^). Some points are missing on the plots because at the corresponding pictures the lava flow is obscured by clouds of steam structure of the surface migrated from the base to the snout of the lobe; such lobes obtained elongated shapes with smooth surfaces lacking the embedded substrate particles. In a few locations, numerous juxtaposed lobes of such morphology formed pahoehoe lava of the entrail type. Sequentially, or nearly sequentially extruded lobes (irrespective of their growth modes and propagation directions) formed chains of hydraulically interconnected bulbous bodies up to 10 m long. Each chain contained one or several active lobes (in the last case growing at different rates). Such chains demonstrated a propagation with quasi-periodic accelerations-decelerations with a period of approximately 5-15 min, even when they propagated along smooth obstaclefree surfaces (Fig. 7c) . Most of the decelerations occurred during stagnation of the active lobes of the chain accompanied by the overall inflation of the chain and accumulation of lava inside it. The accelerations occurred during the following lava outbreaks and fast growth of new active lobes accompanied by the overall deflation of the chain. Some of the decelerations of the front occurred when the chain experienced Bupstreamô utbreaks of lava. Emplacement of multiple juxtaposed lobe chains formed a broad, slowly propagating front of the pahoehoe lava field. Lobes composing the field contained fluid cores that continued to be hydraulically interconnected over long distances for many hours/days after the initial emplacement. From time to time, outbreaks of fluid lava locally depressurized the growing pahoehoe field. However, such outbreaks were quickly selfsealed.
Large areas of the pahoehoe field experienced one or several episodes of postemplacement secondary inflation, with extrusion of new lobes along lateral margins, as well as at different places across the upper surface of the lava flow field. Time-lapse footage of one of these areas (with an area of approximately 400 m 2 ) showed that it inflated as a whole entity with a vertical rate of 0.03 mm/s. During the inflation process, one lateral margin of the inflating area produced flow lobes, while along the opposite margin, the inflation was accommodated by the slow opening of an inflation cleft structure (terminology after Walker 1991).
Viscosity of lava 'A'a flows
The flow rate method
The flow rate method was the main method used to measure the viscosity of the 'a'a flows. Measurements were completed during March-April 2013 when 'a'a flows were the dominant form of lava propagation and emplacement. Velocities of flow snouts, as well as velocities of the flow surfaces at distances up to several hundreds of meters behind the advancing snouts, were used for the viscosity calculations because in these locations the flow thickness over the underlying substrate was easy to determine (assuming no erosion and/or breccia accumulation at the flow base). Both frontal and surface velocities fluctuated with time (Fig. 5) , so for each particular flow, only maximum velocity values were used for the calculations (Fig. 8, Table 1 In most cases, the surface velocities of lava measured in open channels in locations proximal to the lava tube outlets could not be used for viscosity calculations because the thickness of the flowing lava was not known. An additional problem was the small slope angles in these areas, which were difficult to measure precisely with the inclinometer, where a small error in the measured angle causes a large error in the calculated apparent viscosity. However, in one case on April 4, the lava channel thickness (6.5 m) was estimated based on the diameter of a spherical Blava boat^that rolled over the bottom of the lava-filled channel. The velocity of the lava in the channel was of 0.13 m/s. The calculated apparent viscosity ranged from 4 × 10 4 to 2 × 10 5 Pa s (depending on the assumed slope angle 0.5-3°), which is in between the apparent viscosities of the simultaneously emplaced 'a'a flow lobes and the viscosity of their secondary pahoehoe flows determined by the shear stress method (see below).
The shear stress method
We could not apply the shear stress method directly to 'a'a flow lobes because lava exposed at their surfaces was too viscous to use the penetrometer. However, on April 8, we used the penetrometer to measure the viscosity of secondary pahoehoe flows squeezed out of the 'a'a flows. Lava of these lobes represented the internal low-viscosity material of the 'a'a flows. It had a viscosity similar to that of other pahoehoe lobes of the eruption that were effused in May and July (0.6-3.3) × 10 4 Pa s, and was one order of magnitude lower than the lowest values obtained by the flow rate method for the 'a'a flows emplaced on April 3 (10 5 -10 6 Pa s) (Tables 1 and 2 , Fig. 8 ).
Pahoehoe
The shear stress method
Only lobes with the rear growth mode were studied. These lobes were in different stages of formation: young, actively growing with thin and flexible outer skin; mature, slowly growing with thick and stiff skin; and already stagnated with solidified, rigid crust. In May, the penetration method was also applied to slowly flowing lava visible in a narrow, deep fissure in a thick crust covering a small lava channel.
The penetration process of lava commonly occurred in three stages: (1) the working end of the penetrometer caused the outer viscoelastic skin to sag downwards; (2) the working end then punctured the viscoelastic surface and started to plunge into the lava with rapidly increasing velocity that reached maximum values at depths of several centimeters; and (3) acceleration of the penetration changed to deceleration, as the basal more viscous layer was encountered, and at lava depths 15-25 cm, the penetration practically ceased before the working end reached the base of the lobe. The velocity data for the penetration during stages 2 and 3 and Eq. (3) were used to calculate viscosity profiles through lava (Fig. 9 , Table 2 ). Minimum viscosity values span the interval from 5 × 10 3 to 5 × 10 4 Pa s. Repeated penetrations of each lobe and/or neighboring lobes provided similar results, indicating good reproducibility of the measurements. Tests were also conducted with various forces of penetration. Not much difference in the calculated viscosities for the tests with forces of 30 and 127 N was found. From the deformation rates generated during our measurements (at penetration rates < 146 mm/ s), we see that the lava behaved as a Newtonian liquid.
All the depth profiles obtained from vertical penetrations through the pahoehoe lobes had similar shapes (Fig. 9a, b) . Relatively viscous lava composed a superficial layer 1-2 cm thick that comprised the lobe's skin. Below the skin, viscosity quickly decreased with depth and the most fluid lava was commonly located at depths of 2-5 cm. After this, viscosity exponentially increased to values of approximately 10 5 Pa s where the penetration practically stopped at depths of 10-25 cm as it reached the highly viscous lava near the lobe base. The outer skin as well as the internal lava of actively growing lobes was several times less viscous than those of stagnated lobes being (0.5-3.3) × 10 4 and (3.2-42) × 10 4 Pa s, respectively. Internal lava of stagnated lobes (residing under the rigid crust) was more homogeneous than the internal lava of active lobes, having almost no viscosity gradient with depth (Fig.  9c) . Horizontal penetrations provided viscosity values similar to those obtained by vertical penetrations; however, the viscosity profiles demonstrated relatively subtle changes with penetration distance (see measurement 1-97, point 804 in Table 2 ).
Flowing lava in narrow, deep fissures (measured on May 28; Fig. 9d ) had viscosity values of (0.6-1.3) × 10 4 Pa s. The shape of depth profile was similar to those obtained for the pahoehoe lobes. However, this lava had no prominent superficial viscous layer (i.e., there was no obvious viscoelastic skin on the flow surface). This was probably due to less effective air cooling of lava exposed in the deep fissure.
The flow rate method
We applied the flow rate method to only two pahoehoe lobes that were flowing down along a subvertical substrate and resembled large drops of lava. These lobes were short-lived, propagated relatively quickly (around 2-6 mm/s), and thus were enveloped in thin flexible skin that minimally affected the flow process. Only in these special cases the calculated apparent viscosity (2.4 × 10 4 and 3.5 × 10 4 Pa s) turned out to be similar to viscosity values simultaneously obtained for internal parts of the nearby lobes by the shear stress method (Table 1, Fig. 8 ). 
Discussion
Viscosity
In our study, viscosities of the 'a'a flows were determined by the flow rate method, whereas viscosities of the pahoehoe flows were determined mostly by the shear stress method using the penetrometer. The flow rate method turned out to not be suitable for the majority of the pahoehoe lobes produced during the eruption. Due to surface cooling and degassing, the lobes quickly obtained a stiff viscous skin (see viscosity profiles in Fig. 9 ), which retarded the flow process. In most cases, pahoehoe lobes more closely resembled inflating balloons than fluid flows under the force of gravity.
In turn, the shear stress method was not suitable for the 'a'a lobes, because they were too viscous to be probed with our handheld penetrometer. Each method, if applied to the appropriate flow type, provided meaningful and reproducible viscosity data.
Viscosity values of the 2013 lavas obtained by both methods span the interval broadly comparable with published viscosity data for lavas of basic compositions worldwide ( Fig.  1 and Online Resource Table ESM 1). The 'a'a lavas were more viscous than the pahoehoe lavas. Pahoehoe lavas produced in Hawaii (Nichols 1939; Macdonald 1953; Shaw et al. 1968) were more fluid than the studied pahoehoe lavas of Tolbachik. Viscosity values of the compositionally similar lavas of the 2013 and the 1975-1976 eruptions of Tolbachik Table 2 Viscosity of the pahoehoe lava of the 2013 eruption of Tolbachik measured by the shear stress method (with the penetrometer). Date (day/ month) when the measurement was completed (also corresponds to point number on Fig. 2b Measurement number, the number of the video file of the measurement; D, distance from the source (the Naboko scoria cone); t, penetration duration in seconds; F, total force of penetration in N (the force applied manually to the penetrating rod plus force posed by the rod's weight corrected for the penetration angle); α, angle of penetration (from horizontal); Rod size: radius of penetrator head (m), length (m), and weight (kg); V, velocity of penetration (average value in parenthesis); η, calculated viscosity (average value in parenthesis); Comments, visual characteristics of the flow. See the section BMethodology^for the details of the viscosity calculation span similar intervals. Viscosities of the 2013 lavas calculated by the method of Bottinga and Weill (1972) based on their temperature and mineral and chemical composition are in the range (0.9-2.8) × 10 3 Pa s by Plechov et al. (2015) , in good agreement with our data (6 × 10 3 Pa s) for the internal, most fluid parts of the pahoehoe lobes (Fig. 8) .
Among the 2013 lavas, viscosities of the pahoehoe lobes are systematically about one order of magnitude lower than viscosities of the 'a'a lobes (Fig. 8) . However, these data should not be interpreted as meaning that the 'a'a lobes were formed by lavas originally more viscous than those that fed the pahoehoe lobes. We applied the flow rate method only to distal 'a'a lobes where thicknesses of the lava flow could be easily measured. Lava exposed in the fronts of these lobes represented highly viscous cohesive autobreccia. Upstream, these lobes were fed by fast flowing streams of fluid lava that was too hot to approach for use of the penetrometer, and there were no data for flow thickness to allow application of the flow rate method. The only measurement completed by the flow rate method near the 'a'a-feeding lava bocca on April 4 provided the viscosity values of between 4 × 10 4 and 2 × 10 5 Pa s, only slightly higher than viscosities of the pahoehoe flows of the eruption. Moreover, secondary pahoehoe flows that in April were squeezed out of the internal parts of the 'a'a lobes had viscosities of (6-33) × 10 4 Pa s, that is identical to the viscosities of the pahoehoe lavas emplaced in May and July. From these similarities, we conclude that the viscosity of the parental lavas for both 'a'a and pahoehoe lavas during 2013 eruption was the same. The differences in their viscosities resulted from processes, such as cooling, crystallization, and degassing, operated during transport of the lava down the distribution system, this mostly being in open channels for the 'a'a and in tubes for the pahoehoe.
Change of dominant lava propagation style
During March-July 2013, Tolbachik erupted lavas of constant chemical, mineralogical, and physical properties with a stable discharge rate. These lavas propagated over the same slopes (similar inclination, roughness, etc.) and were emplaced at similar distances from the volcano. Despite all that, the dominant style of lava propagation and emplacement changed with time from 'a'a to pahoehoe. We attribute this change to a gradual evolution of the lava transport system that fed the flow fronts throughout the course of the eruption. The transport system slowly evolved from one to two short and broad tubes, having few large branches with large outlets (Fig. 10a) Relatively viscous lava in the left part of the plots corresponds to the lobe skin; the least viscous lava of the lobe rests directly below the skin; more viscous lava in the right part of the plot corresponds to the lobe base. Shape of viscosity profiles shown in a and b is characteristic for all the studied pahoehoe lobes of the eruption. Locations of the measurements are in Fig. 2b tubes, having multiple fine branches with small outlets (Fig. 10b) . Short tubes that formed first provided a localized and concentrated high lava discharge that fed rapid lava streams in open channels. These channels provided the conditions for rapid cooling and autobrecciation of the surface layer of the flowing lava, which thus obtained a high viscosity and yield strength. The thickness of this upper layer gradually increased with flow distance, and the distal flow lobes were composed almost entirely of highly viscous cohesive lava autobreccia that determined the 'a'a style of flow propagation. In contrast, the long, finely branched tubes that formed later distributed lava to multiple boccas with low-discharge rates, and ensured negligible cooling of the transported lava. Lowdischarge effusion favored the formation and preservation of thin, viscous skin on the lava surface, allowing the flow lobes to inflate like a balloon and propagate by pahoehoe style. The described evolution of the transport system became possible due to rapid accumulation of a thick sequence of partly solidified lava flows over the area of the Toludskoye lava field. The first flows that quickly covered almost the entire area of the field in February-April were mostly of 'a'a type (fed by short and broad tubes). Later, in May-July, lava intruded into still-molten internal cores of the 'a'a flows, elongating the tubes and building multiple small branches of the tube system. One of these intrusions was documented with the time-lapse camera (Online Resource Video ESM 7). The video demonstrated that the 'a'a flow front (that was completely inactive for at least 2.5 days since the camera was installed) started to bulge upward in one isolated location approximately 10 m across. The bulge slowly inflated up to the height of 2 m over 1.5 h, then streams of fluid lava poured out from its base forming several long pahoehoe flows. The instantaneous local effusion rate was so high that flows of slabby pahoehoe formed.
Intrusions of lava probably occurred during blockages of the tubes by Blava boats,^when the hydrostatic pressure of lava in the tubes abruptly increased upstream from the blockages (such pressurization events were indicated by formation of shatter rings and tumuli). These small branches started to feed the pahoehoe flows of the lava field. Later, inflating pahoehoe sheets provided additional subsurface paths for lava to feed the most distal pahoehoe flows of the lava field. A Thick arrows indicate the direction of the lava flows. The scale is approximate; widths of lava channels and tubes are exaggerated similar process was observed during long-lasting effusion of Kilauea volcano in 1969 -1971 (Swanson 1973 . Physical models have shown that such intrusions (or viscous fingering) start to occur when a lava field grows and its surface area increases (Anderson et al. 2005) .
Lava flow models
'A'a flow model
The studied 'a'a lobes visually looked like gravity flows with a Bingham fluid rheology, as is consistent with Hulme (1974) , Park and Iversen (1984) , Blake (1990) , and Dragoni et al. (1992) . However, the discovered complex patterns of the surface and flow front velocities observed here (Fig. 5 ) cannot be explained by such simple model alone. Our data are summarized in the following proposed two-layered model of the 'a'a flows (Fig. 11 ). In this model, the molten core of a propagating 'a'a lobe consists of two layers of lava with contrasting rheological properties (layers 2 and 3 of Fig. 11 ). It is important to emphasize that both the stagnated basal breccia (layer 1) and the superficial layer of clinker (layer 4) do not play an important role in the mechanics of the 'a'a flows and are not considered here. The lower layer of the molten core is composed of fluid lava having a quasi-Newtonian rheology with a viscosity around 10 4 Pa s. This material, when squeezed from the internal parts of the 'a'a flows, formed secondary pahoehoe flows. The upper layer of the molten core is composed of highly viscous, partly molten, cohesive lava autobreccia with a quasi-Bingham rheology. Viscosity of the upper layer was not measured directly, but it is probably equal to, or somewhat higher than 10 6 Pa s, this being the viscosity determined by the flow rate method for the frontal parts of the 'a'a flows, which, in most cases, was composed entirely of such high-viscosity material. The upper viscous layer has a high yield strength estimated at 8600 N/m 2 . A similar twocomponent structure of 'a'a flows was suggested by Slezin (1990) based on the morphology of lava flows of Klyuchevskoy volcano.
The two-layered structure forms early in the flow process, as soon as lava leaves an outlet of the feeding tube and flows in an open channel with high local effusion rate. In the open channel, the surface layer of the lava undergoes rapid cooling and degassing, both accompanied by dramatic increases in viscosity (e.g., Crisp and Baloga 1990) , and simultaneous intensive flow-induced deformations (Fig. 4b, d ), transforming this layer into a cohesive mixture of viscous melt and autobrecciated solidified lava. The underlying layer of lava cools and degasses much slower and preserves high temperatures and low viscosities. Due to vesiculation and brecciation, the upper part of the molten core is less dense than its lower part, and in combination with the mostly laminar character of the flow, this density contrast prevents intermixing of the two layers. Lateral bounding by the levees does not allow the two layers to spread laterally. A similar viscosity contrast between surface and interior lava was described for the Pohue Bay flow of Mauna Loa by Jurado-Chichay and Rowland (1995) . The relative thicknesses of the two layers change with travel distance. The lower fluid layer composes nearly 100% of the flow thickness in the lava channel near the outlet of the feeding tube and gradually decreases toward the 'a'a flow front; the upper layer simultaneously increases its thickness and comprises the entire front of the 'a'a lobe.
On the surface of mature/distal 'a'a lobes, the upper layer forms a thick viscous plug that glides toward the flow front over a relatively thin lower layer of fluid lava, the lower layer effectively working as a lubricant. In the flow front area, the plug overrides the lower fluid layer of lava, and the entire thickness of the flow core is composed of partly molten cohesive lava breccia of the plug. The plug is not coherent over the whole length of the flow. Instead, it is broken into transverse segments several tens of meters long, where flow-induced deformation is concentrated in between the segments. These segments glide over the lower fluid layer with somewhat different velocities. The plug segments probably form in response to deformation (bending) of the flow body caused by its curvilinear motion over the topography and/or the necessity to accommodate different flow velocities along the flow path, which in turn are caused by fluctuations of lava discharge at the source, changes of local slope inclinations, and various dynamic processes in the flow.
The velocity of each segment fluctuates by a factor up to 5 with time and distance independently of the velocities of neighboring segments. Mechanical interactions between multiple moving plug segments probably determine the observed complex patterns of surface and front velocities of the flow (Fig. 5) . Some of the observed short-period quasi-periodic accelerations and decelerations can be caused by peculiarities of frictional interactions of the plug segments with basal breccia and/or lateral levees of the flow, e.g., by a stick-slip effect (e.g., Ozerov 2000). Similar fluctuations were described for the 2004-2005 'a'a flows of Etna (James et al. 2007) .
The plug segments, in accordance with their relative velocities, experience compression or extension, with corresponding changes in their thicknesses. The frontal segment of the plug being pushed forward by the trailing plug segments is able to propagate over horizontal areas, or even upslope for short distances, as was observed, for example, during flow on March 18, 2013.
The terms Bconveyor belt^and Bcaterpillar-track^motion are widely used to describe the mechanics of 'a'a lobes (e.g., Krauskopf 1948; Lipman and Banks 1987; Francis 1993; Harris and Rowland 2001) . However, material of the plug has limited ability for plastic deformation. Thus, upon reaching the flow front area, it cannot bend down and roll over the flow snout like a conveyer belt. The frontal segment motion would be more accurately described as a continuous forward-extrusion of the plug-forming material (Macdonald 1953; Kilburn and Guest 1993) . The extruding material crumbles into pieces that form marginal levees and basal breccia of the flow. This loss of material results in a systematically slower velocity of the flow snout propagation in comparison with the surface velocity of the flow body.
The 'a'a flow lobe stagnates when the friction along basal and lateral contacts of the upper layer exceeds the driving gravitational force. If lava continues to discharge from the feeding lava tube, a new 'a'a lobe will branch off higher upstream behind the stagnated lobe. The lower layer of the stagnated flow is insulated by the upper layer above, basal breccia below, and by lateral levees. It continues to remain molten for several days to weeks, and possibly months. New portions of fluid lava can thus continue to intrude into the still-molten lower layer and turn 'a'a into a lava-feeding lava tube. This mechanism explains the observed extrusions of pahoehoe lavas from long-stagnated 'a'a flows.
Pahoehoe flow model
Data collected for the 2013 pahoehoe flows of Tolbachik are placed in the model in Fig. 12 . When lava extrudes with a low effusion rate, its surface layer undergoes cooling, degassing, and gradual solidification (Fig. 4c, e) but also slowly deforms, too slowly to experience autobrecciation. Our measurements demonstrate that 1 min after initial exposure the lava has a surface layer 1-2 cm thick with a viscosity several times higher than that of the underlying lava, forming the lobe skin (Fig. 9) . This skin deforms plastically and acts like a ballooning envelope: the continuing slow input of new volumes of fluid lava into the lobe causes internal pressurization and gradual inflation (Hon et al. 1994) . The higher the skin viscosity and the skin thickness, the less the lobe behaves as a gravity flow, and the more it resembles the inflation of a balloon. In cases with a very viscous skin develops, the lava lobes obtain an almost spherical shape (Fig. 6) .
Lobe inflation causes stretching of the skin. The stretching is not uniform over the surface area of the growing lobe. Instead, it is concentrated along a spreading structure where new flexible skin forms. Localization of the spreading structure either on the upper surface at the rear of the lobe (Fig. 12a) , or along the basal surface close to the lobe front (Fig. 12b) , results in two different modes of lobe growth. The mode of lobe growth strongly depends on thermal insulation properties and the temperature of the substrate, and probably also on temperature of ambient air (e.g., Keszthelyi and Denlinger 1996) . Similarly, two modes of lobe growth are clearly visible on videos of active pahoehoe flows in Hawaii (e.g., a lobe with the frontal growth mode is shown on Fig. 1 of Hoblitt et al. 2012 ). Due to thinner lava skin and faster advancing rates of these lobes, in comparison with those of Tolbachik, the two modes frequently switch from one to the other, even during the growth of one lobe. Gregg and Keszthelyi (2004) described a range of emplacement styles associated with variations in local effusion rate during the 1996 of Kilauea. Their Bswelling lobes^are rather similar to the lobes with frontal growth mode of Tolbachik, and their Bcracking lobes^are similar to the lobes with rear growth mode.
To inflate, the lobe must have stretchable and flexible skin (Hon et al. 1994) . Progressive cooling and degassing of the skin of the growing lobe gradually increases its thickness and viscosity (stiffness) with time, but the continuing formation of new flexible skin, occurring along the spreading structure, allows the lobe to inflate. The rate of lobe growth, and hence, the rate of surface area increase and the rate of formation of new skin in the spreading structure, is highest while the lobe is small, but progressively slows as the lobe volume increases due to conservation of the volume to surface area relation. Because of this, the stiffness of the lobe skin progressively increases with time and retards the input of lava into the growing lobe, additionally decreasing the rate of new skin formation that produces negative feedback. As a consequence of the two processes, while the rate of lobe growth slows down exponentially with time ( Fig. 7) , its internal pressure increases (the pressure can additionally grow due to local exsolution of volatiles from lava into gas bubbles). At some point, the skin, which becomes too stiff to deform plastically, mechanically fails and the next lobe starts to extrude through the opening fracture. In our case, this process occurs repeatedly and results in the sequential formation of a chain of hydraulically connected lobes. The longer the chain, the higher the hydraulic resistance to the lava flowing through it. Thus, the chain grows to a certain length (commonly between three and seven connected lobes), and at some point, lava breaks out closer to the lava source and the new chain of lobes starts to form.
The interlacing chains composed of growing lava lobes form the outer front of the propagating pahoehoe field. The observed uniform uplift of the upper surface of such fields during the process of secondary postemplacement inflation indicates that, after initial emplacement, fluid molten cores of individual flow lobes and lobe chains merge together/ coalesce over broad areas. During the process of postemplacement, inflation lateral margins of neighboring flow lobes probably fracture and/or remelt, allowing their molten cores to coalesce (Hon et al. 1994) . Thus, the propagating front of the pahoehoe field composed of growing but isolated chains of lobes is followed, at some distance behind, by inflation-related sill-like intrusion of lava. As a result, the upper rigid crust of the pahoehoe field rests/floats over a broad, uninterrupted layer of fluid lava.
Conclusions
Our investigations demonstrate that the observed gradual transition from the dominant 'a'a to dominant pahoehoe propagation style during the formation of the Toludskoye lava field of the 2012-2013 Tolbachik eruption was caused solely by and occurred simultaneously with progressive elongation and branching of the system of feeding lava tubes. This became possible due to rapid accumulation of a thick pile of partly solidified lava flows that provided a favorable environment for shallow subsurface intrusions and migrations of lava, which, with time, developed into branches of the lava tube system. We conclude that the emplacement style of highdischarge long-lasting effusions of fluid lava, including flood basalts, with time naturally, without the necessity of changes of the effusion parameters, evolves from 'a'a to pahoehoe. We have found that both 'a'a and pahoehoe flows have a complex internal structure comprised of layers of lava with contrasting rheological properties. The approximation of a lava flow as a body having a homogeneous rheology of any kind (Newtonian, Bingham, of whatsoever) is thus misleading. The studied 'a'a lobes were composed of a lower fluid layer with quasi-Newtonian properties and an upper highly viscous layer with quasi-Bingham properties. This twolayered flow was enveloped in thick mantle of granular material. Pahoehoe lobes had cores, composed of fluid lava with quasi-Newtonian properties, that inflated while being enveloped into a viscous skin, with quasi-Bingham properties, that gradually solidified into a brittle material. If an advancing lava lobe abruptly changes its propagation style from 'a'a to pahoehoe, or vice versa, this does not necessarily indicate transition from one rheological behavior to another due to changes of viscosity, yield strength, strain rate, etc. Such transitions occur when the previously established layered structure of the flow lobe mechanically fails due to gravitational collapse on a steep slope, buildup of internal hydrostatic pressure, etc., and the internal layer of fluid lava suddenly breaks out and continues to propagate farther down slope independently of the outer more viscous layers. 'A'a lava transitions to the pahoehoe type when its internal low viscous layer of lava breaks out with a low effusion rate. Pahoehoe flow transitions to the 'a'a flow type when its internal low viscous lava breaks out with high effusion rate. To a significant extent, the resulting complex propagation dynamics of 'a'a and pahoehoe lobes arises from their complex internal structure composed of layers of lava with contrasting rheological properties.
